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Abstract 14 
Limiting the rate and extent of starch digestion is a major target for increasing the nutritional 15 
value of cereal-based foods. One mechanism that could be exploited is the ability of intact 16 
cell walls to protect intracellular starches from enzyme hydrolysis, but the extent to which 17 
this mechanism is valid for cereal endosperm cells is not well understood. This study aimed 18 
to isolate individual intact cellular structures from cereals, viz. wheat and sorghum, in order 19 
to elucidate the effect of intactness of cell walls on enzymic hydrolysis of entrapped starch. 20 
Intact cells were isolated from dry milled flour obtained using three grinding rolls coupled 21 
with a wet sieving technique using selected sieves having varying apertures. The intact 22 
cellular structure in wheat and sorghum hindered the hydrolysis of entrapped starch as 23 
observed from the lower extent of digestion (9 and 7%) compared to deliberately broken cells 24 
(19 and 17% under the same conditions). The extent of digestion was markedly increased 25 
once the intact cells were cooked (33 and 26% for wheat and sorghum cooked cells), but this 26 
was less than half the digestion extent of non-encapsulated cooked starches (77 and 62% 27 
respectively). Microscopic observations coupled with fluorescence labelling of enzyme, cell 28 
walls and starch suggest a) wheat and sorghum cell walls are effective barriers for access of 29 
amylase; and b) both an extensive protein matrix (particularly in sorghum) and non-catalytic 30 
binding of amylase on cell wall surfaces can limit the amylolysis of starch within intact cells. 31 
Furthermore, the presence of incompletely gelatinised starch inside cooked intact cells, 32 
suggests limited swelling of granules trapped inside the cells. This study shows how 33 
preservation of cellular matrices in cereal-based foods could be beneficial for increasing the 34 
amount of enzyme resistant starch in cereals with added nutritional benefits.  35 
Keywords: Wheat, sorghum, intact cells, starch digestion, non-specific binding 36 
 37 
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1. Introduction 38 
Evidence from both in vitro and in vivo experiments shows that the structure of plant-based 39 
foods can have a major effect on the digestion of dietary macronutrients. More specifically, 40 
enzyme susceptibility of starch, proteins and lipids in intact cells and tissues of cereals, 41 
legumes, nuts and oilseeds are reduced as the macronutrients are encapsulated inside cells 42 
walls that are not hydrolysed by human digestive enzymes (Berry, et al., 2008; Bhattarai, 43 
Dhital, Wu, Chen, & Gidley, 2017; Dhital, Bhattarai, Gorham, & Gidley, 2016; Edwards, 44 
Grundy, et al., 2015; Ellis, et al., 2004; Livesey, et al., 1995; Roman, Gomez, Li, Hamaker, & 45 
Martinez, 2017). Edwards et al (2015) reported the role of intact cellular structure in reducing 46 
the in vivo human glyceamic response based on a feeding trial of porridges made from coarse 47 
wheat endosperm particles (2 mm) and fine flour particles (<0.2 mm). More recently, Roman 48 
et al., (2017) showed that the lower starch digestibility in maize flour from cooked hard 49 
endosperm compared to a soft counterpart was related to the food matrix. These and other 50 
studies used fragments of plant tissues consisting of many cells, whereas the contribution of a 51 
single cellular structure to the digestion of starch in cereals has not been defined to date. Our 52 
previous studies provided evidence that individual intact cells from legumes are essentially 53 
impervious to amylase and protease (Bhattarai, et al., 2017; Dhital, et al., 2016), however, 54 
analogous information for the case of cereals is lacking. 55 
The fragile and thin nature of cereal endosperm cells makes them comparatively difficult to 56 
isolate, particularly under the extended aqueous conditions that are used to separate 57 
individual cells from legume cotyledons (Dhital et al., 2016). To avoid lengthy exposure to 58 
aqueous conditions, we hypothesise that the separation of individual intact cereal cells from 59 
wheat and sorghum should be possible using dry milling (gradual reduction process) with 60 
tight control of the particle size. The selection of wheat and sorghum for study is based on 61 
their high nutritional and functional potential as well as their distinct anatomical structures. 62 
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Whilst sorghum endosperm is harder than wheat (Zhao & Ambrose, 2016), endosperm in 63 
both grains consists of cells surrounded by cell walls and containing starch granules 64 
embedded in a  protein matrix (Corke, 2015; Koehler & Wieser, 2013; Rooney, Miller, & 65 
Mertin, 1981; Stefoska-Needham, Beck, Johnson, & Tapsell, 2015; Vu, Bean, Hsieh, & Shi, 66 
2017). We hypothesized that with the addition of an appropriate amount of moisture, wheat 67 
and sorghum endosperm could be rendered softer and more friable, such that samples can be 68 
gradually reduced using a series of selected roller mills to obtain fractions containing 69 
individual intact cells. 70 
In this study, we isolated intact cells from wheat and sorghum and investigated the enzymic 71 
susceptibility of intact cells compared with flour, broken cells and isolated starches in both 72 
raw and cooked forms. Identification of how to process cereals into single cell forms provides 73 
a new paradigm that could lead to enhanced nutritional quality of derived foods. 74 
2. Materials and methods 75 
Hard red winter (HRW, Everest, 2015) wheat was obtained from Foundation Seed (Kansas 76 
State University, Manhattan, KS, USA). White pearled sorghum grain was obtained from Nu 77 
Life Market LLC (Scott City, Kansas, USA). Purified α-amylase (Sigma A6255 from porcine 78 
pancreas), fluorescein isothiocyanate isomer I (FITC, F7250, Sigma), calcofluor-white stain 79 
(Sigma, 18909) and phosphate buffered saline buffer (PBS; P4417, Sigma, pH 7.2) were 80 
purchased from Sigma-Aldrich. Enzyme glucose reagent (glucose oxidase/peroxidase; 81 
GOPOD) (TR15221) was purchased from Fisher Scientific, USA, and amyloglucosidase (E-82 
AMGDF100), total starch assay kit (K-TSTA), α-amylase assay kit (K-CERA) and integrated 83 
total dietary fibre assay kit (K-INTDF 01/17) were obtained from Megazyme, Bray, Ireland. 84 
2.1  Optimisation of milling-sieving process 85 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
5 
 
A combination of dry milling-sifting and wet sieving methods were used to isolate individual 86 
intact cells from cereals (Fig. 1). HRW wheat (50 g at a time) was debranned using a 87 
laboratory barley pearler (Model 17810, Strong Scott, Webster, WI) for 3 min to remove 88 
most of the germ and bran fractions. The debranned wheat samples were then sifted by hand 89 
for about one minute on a 300 µm sieve to remove all the dust. Debranning value was 90 
calculated as the weight percentage of remaining wheat. The pearled sorghum as obtained 91 
from the supplier was free from bran as indicated by its clear white endosperm. A detailed 92 
description of milling-sieving techniques used to obtain intact cells is presented in 93 
Supplementary section S1. 94 
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 95 
Fig. 1. Schematic diagram showing the dry milling and wet sieving technique used for 96 
separation of intact wheat cells.  97 
2.2 Preparation of broken cells and isolated starch fractions 98 
In order to investigate the role of cell walls, intact cells were deliberately broken to obtain 99 
broken cell fractions which were devoid of intact cell walls by applying a shear mixing force 100 
using magnetic stirrer bars as described previously (Bhattarai, et al., 2017). Due to the 101 
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relatively fragile nature of cereal cells, all the intact cells were broken within 6 h, whereas 102 
legume cells require 16 h. 103 
In order to obtain starch fractions, the broken cells were allowed to settle in excess water and 104 
sieved through a 32 µm sieve. The sedimented material that passed through the 32 µm sieve 105 
contained starch and trace amount of proteins released from the breakage of intact cells. Light 106 
microscopy was used to confirm the purity of starch fractions. The collected fractions were 107 
preserved in 0.02% sodium azide solutions under refrigerated conditions for further use. 108 
2.3  Compositional analysis of cereal fractions 109 
Intact/broken cells, flour and isolated starches were analysed for moisture, total dietary fibre 110 
(TDF), ash, total starch and protein contents using standard analytical methods. The moisture 111 
content for all samples was determined using an electronic moisture analyser (Sartorius 112 
MA35, Goettingen, Germany) at 130 oC. For the determination of TDF, the integrated TDF 113 
assay kit (AOAC method 2009.01) was employed. The ash content was determined using the 114 
AACC International Ash-Rapid method (2 h, 600 oC). For the determination of total starch, 115 
broken cells were used to avoid any underestimation in analysis due to encapsulating cell 116 
walls present in intact cells. The total starch content was determined using the Megazyme 117 
total starch assay kit (AOAC Method 996.11). The protein content was analysed by using the 118 
Dumas protocol (Saint-Denis & Goupy, 2004). All analyses were performed in duplicate and 119 
results expressed on a dry weight basis (db). 120 
2.4  In vitro digestion of cereal fractions 121 
Starch digestion was carried out under static in vitro digestion conditions using 0.5 unit of α-122 
amylase and 0.3 unit of amyloglucosidase per mg equivalent of starch as described previously 123 
(Dhital, et al., 2016). Four cereal fractions each from uncooked and cooked wheat and 124 
sorghum viz., flour, intact cells, broken cells and isolated starch, were used to address the role 125 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
8 
 
played by intact cellular structure on amylase digestibility. The cooking of fractions was done 126 
in excess water for 30 min at 70 and 75 oC respectively for wheat and sorghum. The 5 oC 127 
difference was used to reflect the higher onset temperature of sorghum starch (as observed by 128 
DSC, data not shown) whilst avoiding excessive heat treatment that may damage the cells. In 129 
brief, 10 g of each sample was mixed with 30 mL of distilled water in a 50 mL falcon tube 130 
immersed in a water bath. Gentle mixing was done every 5 minutes, turning tubes upside 131 
down 3 times to avoid the settling of cells and for uniform mixing. The in vitro enzyme 132 
hydrolysis was carried out in a reciprocating water bath operated at 30 stokes per minutes. 133 
Mixing with a stirrer bar was avoided as the localised impact of stirrer bar can damage or 134 
break the fragile cereal cells. In brief, wet samples equivalent to 50 mg dry starch weight was 135 
placed in a 50 mL falcon tubes and 10 mL of phosphate-buffered saline (pH 7.2, 0.2 M 136 
containing 0.02 % (w/v) sodium azide) was added. The samples were then incubated at 37 oC 137 
in a reciprocating water bath for 15 min with very gentle hand swirling and shaking the tubes 138 
intermittently to avoid settling of cells and assure homogeneity of samples before in vitro 139 
digestion. Alpha-amylase (Sigma A6255) (50 µL from diluted stock solution, equivalent to 140 
0.5 units per mg of starch) and amyloglucosidase (E-AMGDF100) (0.8 µL, equivalent to 0.3 141 
units per mg of starch) was then added to the tubes.  The samples in the tubes were mixed 142 
using hand swirling every 5 min for the initial 2 h and every 10 min thereafter. At defined 143 
time intervals between 0 and 6 h, 100 µL aliquot was retrieved and mixed with 300 µL of 0.3 144 
M sodium carbonate in an ice bath to stop enzyme activity followed by centrifugation at 3000 145 
rpm for 5 min. The glucose content in the supernatant was determined using a glucose 146 
oxidase colorimetric analysis kit with detection at 510 nm (Genesys 10S UV-VIS, Thermo-147 
Scientific). A factor of 0.9 was used to convert glucose released to calculate % starch 148 
hydrolysis. The digested residue for intact cells was collected at the end of digestion (6 h) to 149 
monitor for changes in intact cellular structure due to hydrolysis. 150 
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2.5  Observation of cell walls and starch granules in cereal fractions  151 
Cell walls and free or entrapped starch granules inside the cereal fractions, before and after 152 
hydrolysis, were observed by a double staining protocol employing FITC (specific to starch) 153 
and calcofluor-white (specific to cell walls) using a confocal microscope (LSM 700, Carl 154 
Zeiss, Germany) at 488 nm (Emmax 525 nm) and 405 nm (Emmax 433 nm) excitation 155 
wavelength respectively (Bhattarai et al., 2017). Control and digested fractions were labelled 156 
at room temperature overnight using FITC, centrifuged at 3000 rpm for 60 s and then rinsed 157 
with Milli-Q water six times to remove the excess dye. Confocal microscopic observation 158 
was made after treating stained samples with one drop of calcofluor-white stain. 159 
2.6  Visualization of FITC labelled α-amylase bound to starch-cell 160 
walls in cereal fractions 161 
The preparation of FITC (F7250, Sigma) labelled α-amylase (A6255, Sigma) (abbreviated as 162 
FITC-AA) was carried out following the method of (Dhital, Warren, Zhang, & Gidley, 2014). 163 
The unbound FITC from the conjugate was separated using a desalting column (Sephadex, 164 
PD-10) using phosphate buffered saline buffer (PBS, P4417, Sigma, pH 7.2). The enzyme 165 
activity was found to be 298 CU/mL after FITC conjugation as opposed to 841 CU/mL for 166 
the unlabelled enzyme as measured from AOAC method (2002.01) 167 
The binding of FITC- α-amylase (FITC-AA) conjugate to different cereal fractions was 168 
assessed under non-hydrolysing conditions. Briefly, 1% suspensions of each fraction in 169 
phosphate-buffered saline (pH 7.2, 0.2 M) in 50 mL falcon tubes were immersed fully in an 170 
ice water bath. The dispersion was equilibrated for 15 min with continuous shaking followed 171 
by addition of 50 µL of FITC-AA conjugate and incubated for a further 1 and 4 h in an ice 172 
water bath. After 1 and 4 h, 200 µL aliquots from each tube were transferred to 2 mL 173 
Eppendorf tubes and immediately centrifuged at 3000 rpm for 120 s. The residue recovered 174 
from each fraction after discarding the unbound enzyme in the supernatant was observed by 175 
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confocal microscopy (LSM 700, Carl Zeiss, Germany) using an excitation wavelength of 488 176 
nm (Emmax 525 nm) for FITC. Calcofluor-white stain was also added to visualise the cell 177 
walls in the residue as discussed in section 2.5.  178 
3. Results 179 
3.1  Isolation of intact cellular structures 180 
Intact cells were successfully isolated in the laboratory from wheat and sorghum grains using 181 
a combination dry milling-wet sieving technique employing two sets of sieves (Fig. 2). The 182 
observations using light (Fig. 2a-c, i-k) as well as confocal (Fig. 2d-h, l-p) microscopy 183 
coupled with FITC and calcofluor-white labeling techniques revealed isolation of two 184 
categories of cereal endosperm cells. The endosperm cells from wheat were elongated (Fig. 185 
2c) or round (Fig. 2g), whereas from sorghum there were both compact (Fig. 2o) and loosely 186 
held (Fig. 2p) intact cells, both typical of the outer and inner endosperm respectively (Shull, 187 
Chandrashekar, Kirleis, & Ejeta, 1990; Toole et al., 2007). A more magnified view (40X 188 
objective) of elongated (wheat) or compact (sorghum) intact cells, shown in Fig. 2g, o, 189 
demonstrates the tight packing of starch (and proteins) inside intact cells. A large proportion 190 
of isolated intact cells were single individual cells (Fig. 2a, m) whilst a few were two cells 191 
joined together, either both intact (Fig. 2d, i) or one partially broken (Fig. 2e, j) which were 192 
attached with a common middle lamella. The intactness of the cell wall in the isolated cells is 193 
illustrated in Fig. 2h, l. Whilst most of the free starch and proteins were removed by spray 194 
washing through use of a smaller sized sieve (32 µm) for wheat intact cells, a few sorghum 195 
cells still showed starch and protein adhered to intact cells, especially in compact (vitreous) 196 
cells (Fig. 2j). This might be due to the presence of a higher amount of protein as well as a 197 
more continuous protein matrix in sorghum vitreous endosperm compared with the floury 198 
counterpart (Shull et al., 1990). In the present isolation method, for both the cereals, the 199 
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presence of a small amount of partially broken cells and fragmented cell walls was 200 
unavoidable due to their similar size to the isolation range for single intact cells (Fig. 2). 201 
However, isolated intact fractions contained mostly single cells with unbroken cell walls, 202 
sufficient to define the barrier property of cell walls to enzymes. 203 
 204 
 205 
 206 
 207 
 208 
 209 
 210 
 211 
 212 
 
 
 215 
 216 
 217 
 218 
Fig. 2. Individual intact cells from wheat (HRW, a-h) and sorghum (i-p) endosperm 219 
visualised by light microscopy (a-c, i-k) and confocal microscopy (d-h, l-p). Two distinct 220 
endosperm cell types- elongated (c) and round (g) for wheat, and compact (o) and loose 221 
(p) polygonal cells for sorghum are clearly visible. FITC (green) and calcofluor-white 222 
(blue) labeling revealed the packing of starch granules within intact cells. 223 
3.2 Characteristics of different cereal fractions 224 
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Compositional characteristics of the different cereal fractions are presented in Table 1.  225 
Table 1. Starch and protein contents of different cereal fractions* 226 
Cereal fractions  
Total Starch % 
(db) 
Total Protein % 
(db)  
Wheat 
Flour  71.03 12.16  
  (0.95) (0.08)  
Intact cells  70.90 14.60  
 (0.46) (0.21)  
Isolated starch  89.39 1.31  
  (0.86) (0.17)  
Sorghum     
Flour 69.67 6.09 
 (0.85) (0.19) 
Intact cells 68.76 6.20 
(0.88) (0.02) 
Isolated starch 88.23 2.49 
 (0.43)           (0.06) 
 227 
*Note: The values are the means of duplicates and the values in brackets are the standard 228 
deviations.  229 
 230 
Since the broken cells were derived exclusively from breakage of the intact cells inside a 231 
closed system (falcon tubes), there was neither addition nor removal of cell wall contents as 232 
illustrated in Fig. 3. Hence, the total dietary fibre (TDF), ash, total starch and protein contents 233 
for both the intact and broken cells were assumed to be similar. 234 
 235 
 236 
 237 
 238 
 239 
 240 
 241 
 242 
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 243 
 244 
 245 
 246 
Fig. 3. Schematic diagram showing isolated intact cells and deliberately broken cells 247 
Starch granules are in green and cell wall components in blue; for simplicity, proteins 248 
are not shown in the diagram. 249 
 250 
The TDF in intact cells (9.36%) was much higher compared to flour (2.34%) or isolated 251 
starch (0.64%) fractions, particularly for wheat. For sorghum, the TDF content of 4.19% in 252 
intact cells, 2.49% in flour and 0.87% in isolated starch was observed. The higher TDF in 253 
wheat intact cells might be due to the presence of partial neighbouring cell walls in wheat 254 
intact cells (Fig. 2 d-h) which were largely lacking in sorghum (Fig. 2 i-p). The ash content 255 
in all the fractions was lower than 1%. The total starch content in flour and intact cells was 256 
close to 70% whilst isolated starch fractions showed a higher content of 89% (dry basis) for 257 
both grains. In case of sorghum, the flour and intact cells had a similar protein content of ca 258 
6%, which was much lower than wheat (ca 12%), but isolated starch fractions in sorghum 259 
showed twice (2.5%) the amount of protein as wheat (1.3%). 260 
The structural characteristics of different cereal fractions are presented in Fig. 4. It is apparent 261 
that flour (Fig. 4a, e) contained a mixture of intact as well as broken cells with free starch or 262 
compact starch-protein mass (devoid of cell walls) and fragmented cell walls, whereas intact 263 
cells clearly possessed distinct unbroken cell walls with single or two adhered cells (Fig. 4b, 264 
f).  265 
 266 
 267 
 268 
 269 
a c b d 
Wheat flour Wheat intact cells Wheat broken cells Wheat starch 
Sorghum flour Sorghum intact cells Sorghum broken cells Sorghum starch 
M
AN
US
CR
IP
T
 
AC
CE
PT
ED
ACCEPTED MANUSCRIPT
14 
 
 270 
 271 
 272 
 273 
 274 
Fig. 4. Confocal microscopic images showing the structural features of different cereal 275 
fractions (uncooked) for wheat (a-d) and sorghum (e-h); where a, e= flour; b, f= intact 276 
cells; c, g= broken cells and d, h= isolated starch. FITC (green) and calcofluor-white 277 
(blue) labeling revealed the nature of starch granules as well as cell walls associated 278 
with different cereal fractions. 279 
The isolated starch (Fig. 4d, h) is in an apparently pure form with smaller and larger granules 280 
both in wheat and sorghum. Due to the presence of very thin cell walls (<1 µm, based on 281 
microscopic observation) in cereal endosperm, the intact cells were completely broken using 282 
a magnetic stirrer bar with the broken fragments and cell walls dispersed within the starch-283 
protein mixture (Fig. 4c, g). 284 
In order to determine the role of intact cellular structure in restricting swelling of starch 285 
granules inside the isolated cells, the cereal fractions were heated at 70 °C (wheat) and 75 °C 286 
(sorghum). At this temperature, isolated starches were completely gelatinised (as confirmed 287 
from polarised light microscopy and DSC, data not shown); however starch granules inside 288 
intact cells are only partially gelatinised (Fig. 5). The partially gelatinised starches are more 289 
easily visualised for deliberately broken cells after cooking as observed in Fig. 5 as 70 oC-290 
WIS-P and 75 oC-SIS-P.   291 
 292 
 293 
 294 
 295 
 296 
 297 
 298 
Raw-WIC-P Raw-WIC-BF Raw-WIS-P 
70°C -WIC-BF 70°C -WIC-P 70°C -WIS-P 
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 299 
 300 
 301 
 302 
 303 
 304 
 305 
 306 
 307 
 308 
 309 
 310 
 311 
 312 
 313 
Fig. 5. Light microscopic images showing the structural features of uncooked (Raw) vs 314 
cooked (70, 75 °C) intact cells (IC) and isolated starch fractions (IS) for wheat (W) and 315 
sorghum (S), where BF= bright field image and P= BF image taken with cross 316 
polarisation (Polarised). Though heating at 70 or 75 °C resulted in complete loss of 317 
birefringence in isolated starch fractions, residual birefringence is clearly evident for 318 
starch within intact cells (IC) with distinct Maltese crosses. Scale bar = 50 µm 319 
 320 
3.3  In vitro digestion of cereal fractions 321 
Figure 6 shows the starch digestion in uncooked (a, b) and cooked (c, d) wheat and sorghum 322 
fractions under in vitro conditions. The extent of starch amylolysis (e.g. after 6h) followed 323 
the order of starch> broken cells> flour> intact cells for both uncooked samples, with wheat 324 
samples more digested than corresponding sorghum samples. 325 
 326 
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 329 
 330 
 331 
 332 
 333 
 334 
 335 
 336 
 337 
 338 
 339 
 340 
Fig. 6. Progress curves for starch digestion in uncooked (a, b) and cooked (c, d) wheat 341 
(a, c) and sorghum (b, d) fractions, where WS= wheat starch, WB= wheat broken cells, 342 
WF= wheat flour, WI= wheat intact cells, SS= sorghum starch, SB= sorghum broken 343 
cells, SF= sorghum flour and SI= sorghum intact cells. Higher starch hydrolysis values 344 
are observed for isolated starch compared to intact cells for both grains.  345 
For example, the extents of starch hydrolysis (Fig. 6a, b) after 6 h of digestion for wheat and 346 
sorghum uncooked fractions were ca 24, 19, 15, 9% and ca 19, 17, 14, 7% for isolated starch, 347 
broken cells, flour and intact cells respectively.  348 
Reduced enzymatic susceptibility for intact cells was also observed for cooked wheat and 349 
sorghum fractions, with ca 77, 55, 51, 33% (wheat) and 62, 48, 53, 26% (sorghum) starch 350 
hydrolysis at the end of digestion (6 h) for isolated starch, flour, broken and intact cells 351 
respectively (Fig. 6c, d). Although the extents of digestion were 3-4 times greater for cooked 352 
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compared with uncooked samples, cooked intact cells showed only slightly greater 353 
susceptibility than uncooked isolated starches (33 and 26% cf 24 and 19% for wheat and 354 
sorghum respectively).  355 
The relatively low digestion in intact cells for uncooked or cooked (70 or 75°C) cells 356 
correlated with confocal microscopic images (Fig. 7) which revealed that intact cells were 357 
essentially impervious to amylase action while starch in broken cells was hydrolysed. It is 358 
evident in Fig. 7 that undigested intact cells were recovered at the end of 6 h digestion from 359 
both uncooked and cooked cells (similar to control, Fig. 7a-d). A more magnified image 360 
demonstrating intact cells after 6 h digestion for wheat is shown in Fig 7i, j. In addition, it is 361 
also evident in cooked samples in wheat (Fig. 7k) and sorghum (Fig. 7l) that cooking caused 362 
the rupture of few intact cells and released the entrapped starch. This caused the increased 363 
enzyme susceptibility of cooked samples as demonstrated in Fig. 6 wherein, the extent of 364 
digestion after 6 h is greater for cooked intact cells than it is for uncooked isolated intact cells 365 
or starches. The microscopic images also demonstrated amylase action on the readily 366 
available starch substrate in broken cells through the presence of empty (or partially empty) 367 
(Fig. 7e, f) cell wall structures associated with the broken cells.  368 
 369 
 370 
 371 
 372 
 373 
 374 
 375 
Control-R-W Control-70°C-W 
6 h digestion-R-W 6 h digestion-70°C-W 
a b 
Control-R-S 
c d 
6 h digestion-75°C-S 6 h digestion-R-S 
Control-75°C-S 
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 376 
 377 
 378 
 379 
 380 
 381 
 382 
 383 
 384 
 385 
 386 
 387 
 388 
 389 
 390 
 391 
Fig. 7. Confocal laser microscopic images using FITC (green) and calcofluor-white 392 
(blue) labeling of uncooked (R) and cooked (70°C, 75°C) wheat (W) and sorghum (S) 393 
intact cells at the end of 6 h digestion. The images show that intact cells are essentially 394 
unaffected demonstrating the effective enzyme barrier properties of intact cell walls. Fig 395 
(i, j) represents a magnified (40X objective) image for 6 h hydrolysed uncooked and 396 
70°C treated wheat intact cells where cell walls encapsulated macronutrients remained 397 
unaltered whereas those associated with broken cells are hydrolysed. Fig (k, l) 398 
represents cooked wheat and sorghum images showing breakage of few cell walls 399 
during cooking and released starches.  400 
3.4  Localization of FITC labelled α-amylase 401 
The isolated cereal fractions (intact and broken cells) were incubated with FITC labelled α-402 
amylase. As shown in Fig. 8, it was observed that in intact cells, the enzymes were 403 
predominantly bound to the outer surface of cells, but in the case of broken cells the enzymes 404 
were dispersed either inside the entrapped starch (in the case of incompletely broken cells) or 405 
among the released starch and cell wall fragments (in the case of completely broken cells). 406 
This binding of α-amylase to both starch and cell wall fragments suggests affinity of enzymes 407 
WIC-1 h hydrolysis-BF WIC-1 h hydrolysis-CM WIC-4 h hydrolysis-BF WIC-4 h hydrolysis-CM 
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towards both catalytic (starch) and non-catalytic (cell wall) substrates as described recently 408 
for isolated fibres (Dhital, Gidley, & Warren, 2015) and legume cells (Bhattarai et al., 2017).  409 
  410 
 411 
   412 
   413 
 414 
 415 
 416 
 417 
 418 
 419 
 420 
 421 
 422 
 423 
 424 
 425 
 426 
 427 
 428 
 429 
 430 
 431 
 432 
 433 
 434 
 435 
 436 
 437 
Fig. 8. Confocal laser scanning micrographs of wheat (W) and sorghum (S) intact cells 438 
(IC), broken cells (BC) and starch (St) (100 mg in 10 mL) using FITC labelled α-439 
amylase (50 µL; EA 298 CU/mL) after 1 and 4 h hydrolysis. The labelled α-amylase 440 
accumulates on the outer surface of cell walls (CW) in intact cells. With broken cells, 441 
the enzyme is bound not only to the starch but also to the cells walls. This suggests that 442 
intact cell walls provide a barrier to diffusion of α-amylase, and hence the enzyme is 443 
localized around the cell walls only, whereas in the case of broken cells, the enzyme is 444 
dispersed inside the cells to hydrolyse the starch as well as being bound to cell walls. BF 445 
indicates bright field image, CM confocal mode image with both views placed adjacent 446 
to each other for clarity. 447 
 448 
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4. Discussion  449 
 450 
4.1 Isolation of cereal endosperm cells 451 
The starchy endosperm in cereal grains is surrounded by three distinct anatomical layers- 452 
aleurone layer, seed coat and pericarp, and is composed of cells, confined by cell walls, filled 453 
with starch granules embedded in a protein matrix (Bacic & Stone, 1981; Rooney et al., 454 
1981). The cereal endosperm cell walls of wheat and sorghum consist mostly of heteroxylans 455 
together with mixed-linkage glucans, cellulose and other minor components (Bacic et al., 456 
1981; Burton & Fincher, 2014). This is in contrast to root, tuber, fruits and cotyledon cells 457 
that have significant amounts of pectin, xyloglucan and cellulose (Burton et al., 2014; Le Gall 458 
et al., 2015). This compositional difference might be a reason for the fragility of cereal 459 
endosperm cells upon application of physical forces such as milling and grinding. However, 460 
it is more likely that the thickness of cell walls encapsulating the starch and protein are a 461 
major factor, as these appear to be about 1 µm (Fig. 2), less than that of legume cotyledon 462 
cells (~ 2 µm) as shown by Bhattarai et al., (2017) and Dhital et al., (2016). Cells from 463 
legumes (Dhital et al., 2016) and almonds (Grundy, Wilde, Butterworth, Gray, & Ellis, 2015) 464 
can be isolated using  hydrothermal treatments and mild physical forces and potato cells can 465 
be isolated using mild acid-alkali treatments (Gómez-Mascaraque, Dhital, López-Rubio, & 466 
Gidley, 2017). However, the application of similar techniques to isolate the endosperm cells 467 
from wheat and sorghum was unsuccessful, resulting in major damage to cellular integrity. 468 
We investigated alternative approaches such as sodium chloride at different concentrations 469 
(1-2%) in soaking water (40-50°C) and treatments with mild acid or alkali, singly or in 470 
combination, but none of these gave satisfactory cell separation (images not shown). 471 
Moreover, the use of acid/alkali or salts could have adverse effects on cell wall porosity due 472 
to selective solubilisation of cell wall polysaccharides or depolymerisation of polymers 473 
(Comino, Shelat, Collins, Lahnstein, & Gidley, 2013; Kermani, et al., 2014) thus affecting 474 
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the rate and extent of enzyme action. We therefore used an alternative approach based on 475 
controlled dry milling and sifting followed by wet sieving through selected screens, and 476 
successfully isolated intact cells from wheat and sorghum grains, as shown schematically in 477 
Fig. 1.   478 
4.2 Enzymic susceptibility of cereal fractions  479 
Isolated intact cells (53-150 µm) had a much lower extent of starch hydrolysis at the end of 6 480 
h digestion compared to broken cells and isolated flour/starch either before or after cooking 481 
(Fig. 6). Comparing between grains, the enzymic susceptibility of starch in sorghum fractions 482 
(flour, intact cells, broken cells and starch) was lower than for the corresponding wheat 483 
fractions. The observed slower digestibility of sorghum compared to wheat is probably due to 484 
stronger adherence of starch and proteins in sorghum (Wong et al., 2009).   485 
The cells walls in the intact cells play multiple roles, including a) acting as a barrier for 486 
diffusion of enzyme, b) providing an adsorptive surface (non-catalytic binding) for alpha-487 
amylase; c) restricting the complete gelatinisation of starch, as also found for legume cells 488 
(Bhattarai et al, 2017).  489 
The intact cellular structure provides an effective barrier for diffusion of enzymes. As 490 
presented in Fig. 1, starch inside uncooked intact cells is hydrolysed only to a low extent 491 
(<9%) at 6 h incubation time, almost 4 times lower than that of isolated starches.  The intact 492 
starch granules are observed inside the digested cells similar to those in undigested (control) 493 
cells, consistent with the measured low extent of hydrolysis of starch.  This supports the 494 
findings of previous studies (Bhattarai et al., 2017; Dhital et al., 2016; Grundy et al., 2015) 495 
with regards to effective barrier properties of cell walls preventing the easy access of 496 
enzymes. The current results show that intact uncooked cells from wheat and sorghum 497 
endosperm are essentially impervious to α-amylase provided that mechanical forces (e.g. 498 
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mixing) are avoided. It seems likely that this is due to a combination of amylase binding to 499 
cell wall polymers and limited porosity of walls preventing access of non-bound amylase. 500 
However, and in contrast to legumes (Dhital et al., 2016), the barrier properties of cereal cells 501 
are partially lost due to cooking. Starch hydrolysis from cooked cells (ca 20%) is more than 502 
double that of uncooked cells (ca 9%) but still 4 times lower than that of cooked starches (ca 503 
80%). This might be due to the breakage of cells during cooking (Fig. 7k, l), reflecting the 504 
thinner nature of cell walls in the two cereals compared with legumes.  505 
The lower digestion of starch in intact cells is supported by localised accumulation of 506 
fluorescently labelled amylase at the outer boundary of intact cell walls (Fig. 8). Thus the cell 507 
walls provide a surface for non-catalytic adsorption as previously described for cellulose and 508 
wheat bran (Dhital et al., 2015). In contrast to intact cells, where the enzymes are 509 
predominantly localised in peripheral external areas, α-amylases are found to be associated 510 
with both fragmented cell walls and starches after the cells are mechanically broken (Fig. 8). 511 
In a previous study using legumes under similar digestion conditions, the starch digestibility 512 
in legume intact cells was found to be lower (ca 5%) than that for cereals found here (ca 9%). 513 
This again may be a reflection of thinner cell walls in cereal endosperm. Likewise, Edwards, 514 
Grundy et al., (2015) in their study showed that the rate of α-amylase hydrolysis of starch 515 
entrapped within the cells of coarse wheat endosperm particles (2 mm) was slower than the 516 
exposed starch in the fine flour particles (<0.2 mm). However, although postprandial glucose 517 
responses from starch digestion in vivo were favourably blunted for 2 mm (cooked) particles, 518 
analysis of residual digesta at the ileum showed that essentially all starch had been digested 519 
(Grundy et al., 2015). For maize studied in vitro, Roman et al. (2017) reported higher starch 520 
digestibility in uncooked hard flour than soft endosperm in maize due to more damaged 521 
starch granules after milling. The hydrolysis was however reported to decrease with cooked 522 
coarse flour due to the presence of plant tissue matrix in hard endosperm (Roman et al., 523 
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2017). Although these reports hypothesised that the structural integrity of intact cells walls or 524 
the presence of a food matrix associated with coarser cereal endosperm was the key 525 
determinant of the digestion rate of starch, in this study using isolated individual cells we 526 
demonstrate directly the role of individual cell walls in limiting starch digestion in cereal 527 
endosperm tissue structures.   528 
Along with the barrier and binding properties, intact cell walls also limit the gelatinisation 529 
and swelling of starch granules inside the cells as heat treatment at 70 or 75 °C retained some 530 
birefringent property in contrast to isolated starches treated under the same conditions. A 531 
similar observation of cell walls limiting complete gelatinisation of entrapped starch in 532 
isolated intact legume cells (Dhital, et al., 2016), durum wheat and chickpea (Edwards, 533 
Warren et al., 2015) as well as in milled rice and paddy rice (Sittipod & Shi, 2016a, 2016b) 534 
have been reported. Partially gelatinised starch as a result of cell wall encapsulation 535 
(Bhattarai et al., 2017; Dhital et al., 2016; Edwards, Warren et al., 2015) has been reported to 536 
limit starch hydrolysis.  537 
5. Conclusions  538 
We developed a novel technique based on dry milling-sifting coupled with wet sieving to 539 
successfully isolate fractions rich in intact cells from two cereals, viz. wheat and sorghum. 540 
Using the isolated intact cells, we have explicitly shown that the intactness of a single cell 541 
wall structure in cereals is the limiting factor that controls the rate and extent of hydrolysis of 542 
starch entrapped inside the digestion-resistant cell walls. The milling technique used to 543 
generate intact cells might also suggest that ingestion of products like the rolled oats, corn 544 
meal, and groats that are coarsely ground than flour would supply higher levels of dietary 545 
fibres to the colon, as well as having a slow digestion property due to the presence of 546 
significant proportion of intact cell wall structures. Thus controlled milling and sieving are 547 
the desirable parameters to achieve low and slow digestion of starch in cereals through cell 548 
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wall encapsulation. The current approach is different to “recombining” method used by 549 
industries to produce whole grain flour with intact bran or germ particles, as these 550 
components may pose problems in sensorial or functionality attributes (Doblado-Maldonado, 551 
et al., 2012). In addition, due to the nature of the current study related to mechanistic 552 
understandings, such components were avoided as much as possible. Moreover, it is also 553 
clear that a single cereal cell can act as an efficient barrier to ingress of amylolytic enzyme, 554 
provided that mechanical damage during digestion is prevented. Considering the fragile 555 
nature of isolated cereal cells, however, further study is needed to understand their relative 556 
integrity during gastro-intestinal transit. If the passage of intact cereal cells to the large 557 
intestine can be achieved, fermentation of dietary fibres and resistant starch present in these 558 
structures by the resident microbiota may produce numerous health benefits.  559 
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1. Intact cell rich fractions were isolated using dry milling-wet sieving techniques. 
2. An individual cell wall provided barrier to ingress of amylolytic enzymes inside cells. 
3. Non-catalytic binding of enzymes on cell walls impeded starch digestion in vitro. 
4. Hydrocolloids (starch, protein) interaction in sorghum further attenuated amylolysis. 
